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II II SUPPLtEMEMTARY NOTES

1,3,5-trinitrohexahydro-l,3, 5-triazine (RDX), 2,4-dinitrotoluene, trinitroglycer

Ine, 1,3-dinitrobenzene, 1,3,5-trinitrobenzene, 2,6-dinitrotoluene, 2,3,6-trini-

trotoluene, 2-amino-4,6-dinitrotoluefe, 3,4-dinitrotoluene, 5-amino-2,4-dinitro-

toluene, environmental fate, transformation, photolysis, hydrolysis, biodegrada-

tion. olatili partition coefficient, oxidation rates. half-life

The objective of this study was to perform a literature review on the trawE-

and trnnsformation processes that may affect the environmental fate of 11

a-, , tion. wastewater constituents. Estimates of kinetic rate constants for vol-

atilization, sediment adsorption, biodegradation, photolysis, chemical oxidatio

were made from available literature data. Recommendations for the further

... elucidation of environmental fate are made to fill the gaps identified in the

literature review.
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GLOS SARY OF TERS

ic - Mass transport coefficient constant for compound
v

kW - Mass transport coefficient constant for water
9

kCk: - Mass transport coefficient ratio for compoundV g

K - Sorption partition coefficient based on organic carbon content
oc

H - Henry's Law constant

kA - Hydrolysis rate constant under acidic conditions

k.M - Hydrolysis rate constant tinder neutral conditions

i .3 Hydrolysis rate constant under basic conditions

4In Hydrolysis rate constant

k - Photolysis rate constant

KOH Equilibrium constant for the addition of OR-

P - Vapor pressure

K - Sediment sorption partition coefficient
p

F - Sediment organic carbon content

nm - Nanometers

cm - Centimeters

X a - Absorption wavelength maximamax

UV - Ultra-violet

ppm - Parts-per-million

S -Grams

I ml - Milliliters

K - Equilibrium constant
eq
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K - Dissociation constantaa
t k - Chemic-al oxidation rate constant

ox
~ MW - Molecular weight of water

4 M - Molecular weight of chemical

L -Depth of water body
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The purpose of this phase of the project was to review the litera-

ture to identify and estimate the magnitude of the transport and trais-

formation processes believed to be important in describing the eniroa'-

"mental fate of 11 munition wastewater constituents in the aquatic

environment. These constituents were 2,4,6-THT; RDX; 2,4-DNT; TUG;

1, 3-dinitrobenzene; 2, 6-IflZ; 1,3,5-trinitrobeneene; 2,3,6-flfl; 2-awino-

4,6-dinitrotoluene; 5-amino-2,4-dinitrotoluene; and 3,4-DNT.

The literature was surveyed to obtain rate data pertaining to the

photolysis, hydrolysis, oxidation, reduction, microbial transformation,

volatilization and sediment sorption processes for each compound.

Physical (solubility and vapor pressure) properties were also inves-

- tLigated to aid in the estimation of process rates.

The results of this review indicate there is little information

available for determining the environmental fate of the subject com-

pounds. Although many fate processes were identified for each compound,

the available kinetic rate estimates could not be extrapolated to

environmental conditions.

The processes believed to be dominant fate processes were identi-

fied, and recommendations for the necessary studies to fill the gaps

in the literature for each compound were made.
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INTRhOUCTION

The U.S. Army Kadical Bioengineering Research and Development

Laboratory (USAMERDL) is responsible for recommending ambient water

quality criteria for munition production and handling facilities.
To make such recommuendations, USAMBRDL must know the envlronmeatal

impact of pollutants generated at these facilities and the potential

j hazards associated with their discharge.

Hazard assessment for a chemical requires specific information

about its concentration in the environment and its toxicity, as well

'* as about the population likely to be exposed. The environmental fate
I- •of a chemical can be predicted as a function of time and location by

use of a series of kinetic and equilibrium equations that describe the

rates of dominant loss processes (photolysia, hydrolysis, etc.)

' under specific environmental conditions. These equations help to

identify the major compartments in which a chemical is distributed

_ and when coupled with the environmental conditions that represent the

point of discharge, the persistence of a chemical can be assessed.

SRI International has developed a methodology and a computer

model* to predict the environmental fate of pollutants in various

aquatic systems based on laboratory measurements of specific environ-

mental processes. This model integrates kinetic and equilibrium data

for microbiological and chemical transformations with physical trans-

port pathways in a multicompartment aquatic model to predict the

concentration and the dominant processes that transform and transport

organics in aquatic systems. The model can predict steady-state or

time-dependent concentrations of discharSed pollutants so that, together

- .|with toxicity and exposure information, a hazard evaluation can be made.

* A modified version of this model (EXAMS) is now available from EPA
(Athens) and will be used for fate assessment.

i'1 2
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Phase IF of this study was to perform a 1iterature review an 11

muition wastewater constituents to identify possible enviroznatal

fate processes and to obtain kinetic snd equilibritm data for these

processes that might be used to estimate persistence accordinz to the

SRI model. From this review, any &aps in the knowledge would be

revealed, defining those areas where further work is needed.

USAMDL grouped the munition wastewater constituents into three

categories by priority. The chemicals in Category I are 2,4,6-

• trinitrotoluene (2,4,6-TXfl, RDX (l,3,5-trinitrobezahydr-o-l,3,5-

triazine), 2,4&dinitrotoluene (2,4-DNT), and trinitroglycerine (TUG).

Category 11 chemicals are l,3-dinitrobenzene (1,3-DBB), 2,6-dinicro-

A toluene (2,6-DPT), 1,3,5-trinitrobenzene (l,3,5-TlB), and 2,3,6-
B. trinitrotoluene (2,3,6-¶iT). Category III comprises 2-amino-4,6-

dinitrotoluene (2-A-4,6-DMT), 5-aamino-2,4-dinitrocolueae (5-A-2,4-DNT),

and 3,4-dinitrotoluene (3,4-MUT). These chemicals emanate primarily

from the TNT manufacturing industry and from load, assemble, and pack

facilities as well as from RDX and THC production facilities. This

review, and the subsequent studies proposed, are designed to aid the

Army in defining water quality criteria at mwnition facilities and

in guiding its pollution abatement programs.

3
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The published literature was suveYed using both comuter and

Mnual search methods. The computer searches cl=uded sxwh data bases

as Chemical Abstracts (1972-1979), ?OXME. W•TS Reports (1964-L--S),

B!olo&&tel Abstracts (1,969-p-resent), peLLvIMEW, DWIROLfl4E, 13,MIB
and AMCOLA. The chemical n__e was used as the key word to obtain

article titles and abstracts. The indices to chemical abstracts from

1906 to 1978 were scanned umnuafly under each chemical's heading for

key words related to transport and transformation processes. relevant

articles were obtained from thoese abstracts that appeared pr*aising.

Also reviewed in this survey were mnthly and final reports on

( jpast and currenmt contracts supported by the USAM•DL orn transport and

transformation processes of the subject chemicals,

The objective of the literature review was to obtain specific

data on the physical properties and rate processes of the 11 compounds

relevant to environmental transformation processes at Army discharge

sites. These data are the necessary components of enviromental fate

modeling. The specific physical properties and rate constants inves-

tigated, along with their relevance to the determination of environ-

mental fate, were:

* Solubility in water--Necessary for the determination of mean-

ingful rate constants and sorpt' 'n partition coefficients and

for estimation of the Henry's law constant.

* Vapor pressure-Necessary for estimation o' the Henry's law

constant, which in turn can be used to estimate the volatili-

zatton rate of a chemical from water.

"* Sorption and biouptake partition coefficiencs-lndicate how

I. I- strongly the chemical will partition to soils, sediments, and

biomass.

•..
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*Volatilization rate constaut from water--Used to estimte how

rapidly a chemical will volatilize undr eozditions represen-

tative of different fresaater aquatic systems.

Absorption szpe£tr at wavel•egths greater than 290 -a-

Necessary for determination of the. pot4aial for direct photo-

chemical transformatio in the environuent.

Suantum yield-Measures the efficiency of a photechemaeal

process; necessary for the calculation of the photceienleal

rate co•stant.

T Photochemical rate constant-Kinetic rate constant derived

from the quantum yield, absorption spectrum, and light intem-

sity; gives the rate of photolysis of a chemical in sunlight.

H Hydrolysis rate constant-Kinetic rate constant from which the

rate of lass of a chemical due to hydrolysis can be determined

under relevant environmantal conditi•ns (pH, temperature, etc.).

* Oxidation or reduction rate constant--Kinetic rate constants

"from which the rate of loss of a chemical due to oxidation or

I- reduction processes can be determined under environmental

conditions.
' Biodegradation rate constant-Kinetic rate constant from

which the rate of loss of a chemical due to biotransformation

can be determined.

-- I
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RESULTS

SUMMARY

Although the literature on the chemistry of the majority of the

- compounds is abundant, little of it relates directly to the data

necessary to determine environmental fate. Most of the data concern
27physical transport processes as summarized in Table 1. Some of these

data are insufficient for the proposed assessment, so laboratory

studies are necessary to measure the property or constant. Detailed

evaluations and citations to the literature on nitro compounds are

presented in the sections on each chemical.

Table 2 summarizes the kinetic data for hydrolysis and photolysis

C transformation processes including equilibrium constants for the
addition of hydroxide ion. Table 3 is a summary of biotransformation

Sprocesses. These transformation processes are detailed for each

chemical in the subsequent sections.

CATEGORY I CHEMICALSI 2,4,6-Trinitrotoluene (2,4,6-TNT)

Summary and Recommendations

A volatilization rate constant for 2,4,6-TNT can be estimated

from extrapolated values of vapor pressure to calculate Henry's law

constant. This estimate should be verified by laboratory studies,

Data from the literature suggest that sediment adsorption should

not be significant. However, experiments were not performed under

total equilibrium conditions, and a trend toward irreversible adsorp-

I tion was noted. Further studies are needed to define the part -ining

I |processes for 2,4,6-TNT.

Photolysis is projected to be a significant fate process. 2,4,6-

TNT has uv absorption above 290 nm, and molar absorptivity needs to be

6
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measured in the solar region. Detailed rate studies are necessary, as

are studies on the effect of pH on the photolysts rate.

Biotransformation may also be a significant fate process for

2,4,6-TNT. Both degradation rate studies with enrichment cultures

obtained from natural waters and studies in the presence of sediments

are necessary. Reduction of the nitro group appears to be the primary

step in the transformation of 2,4,6-TNT, so both aerobic and anaerobic

transformation studies may be important. Studying biotransformation

in the presence of light may also elucidate the ultimate fate of

2,4,6-TNT.

Physical Properties

Solubility in Water

The solubility of 2,4,6-TNT in water at 20' C reported by

Urbanski (1964), 0.0130 g/100 g of water (5.7 x 10-4 M, 130 ppm),

agrees well with the value of 117 ppm (5.2 x 10-4 M), which was

recently measured by Spanggord (1977). The average of these values

iS 124 ppm (5.4 x 10- M). The values of 86 and 83 ppm at 21* C,

reported by Battelle (1978), are probably erroneous because the

saturated solutions were filtered before analysis; the filter may have

adsorbed some of the dissolved TNT.

Vapor Pressure

The vapor pressure of solid 2,4,6-TNT was measured by Pella

(1977), who used a gas saturation technique. His data fit the

equation

logo P(torr) - (12.31 ± 0.34) - (5175 ± 105)/T

At 250, the vapor pressure of solid TNT measured by Pella was

8.02 x l0G- ± 0.16 x 10-6 torr.

Maksimov (1968) obtained data using 2,4,6-TNT when it was

near its boiling point. Reasonable estimates for the extrapolated

vapor pressure of the supercooled liquid are 1.7 x 10-4 torr at 25Y C

and 1.0 x 10-4 torr at 200 C.

10
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I

Nitta et al. (1950) measured the vapor pressure of TNT over

a temperature range of 68 to 881 C using a modified Knudsen technique.

Those data can be extrapolated to 20 C, giving values of 4.5 x 10-4

torr (solid) and 2.8 x 10-' torr (liquid).

PhysialTrans~prt

Volatilization Rate from Water

A value of the Henry's law constant, HR, for a chemical
can be calculated using the equation

H c i sl/Csat

where P is the vapor pressure of the supercooled liquid and Csat is

the solubility of the chemical in water. For 2,4,6-TNT,

H - 1.0 x 10-'/5,2 x 10-f 0.18 torr M-1
c

Because the value of Hc is much less than I1 torr R-1, we predict
that the volatilization rate of 2,4,6-TNT will be limited by mass
transport resistance in the gas phase.

The literature search revealed no measurements of the volatil-

ization rate of TNT. The estimated value of the volatilization rate

constant in the environment, (0cn) , is estimated from equation (2)
v env' /en

10 cx.v (2)
(k) env env,

whee M - molecular weight of water

M C - molecular weight of the chemicalre nv) mass transport coefficient of water in the environment

Senv -depth of the water body

. A *...... •See Appendix A for the development of volatilization rate equations.

- --.-. ' '.-n
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Using values of a 2100 cm hr-1 , and Lenv 200 cm,
Q vClenv i

IiA½ H (2100)

(ký'/en (200) (62.4) (293)

- 2.44 x 10- h C(MCY-½ (hr-)

- 2.44 x 10- (0.18)(227)-½

- 2.9 x 10-5 hr-'

IC
- in 2/k.

ff= 990 days

This is an approximate estimate. and, because of the assumptions

required to make the estimate, it could be in error by an order of

magnitude or more. Screening studies of the volatilization of

2,4,6-TNT are reconmended.

i -



Sorption on Soils and Sediments

Syracuse Research Corporation (1978a,b,c) measured TNT sorp-

tion on four sediments and obtained K, values of 5.5 to 19.3 after

24-hour equilibration times. These partition coefficients indicate

that sorption is not a significant fate for TNT, because strongly

adsorbed materials have partition coefficients greater than 100. The

adsorption experiments indicated that adsorption equilibrium was not
fully obtained in 24 hours, but they did not elucidate the mechanism

or estimate the extent of the continued adsorption. The sediments

used were not characterized, so we cannot predict sorption partition

coefficients for other sediments.

whthr Battelle (1978) conducted soil column tests to determine

whether TNT migrates into groundwater. However, the experiments were

terminated before enough data were collected to determine migration

rates. The experiments cannot be used to determine partition

coefficients.
#

Karickhoff et al. (1978) and Kanaga and Goring (1578) have

shown that sediment and soil partition coefficients are strongly

"correlated with the organic carbon contents of the soil and with the

solubility of the chemical in water. Figure 1 summarizes their data,

as well as data obtained by Smith et al. (1978). These results suggest

that the value of Koc - K /F can be estimated from Figure 1 within

about an order of magnitude. The equation for the line representing

the linear least-squares fit to the data is

log K = -0.27 -0.782 x log(solubility, M). (3)

Using the average solubility of 5.4 x 10-4 M, the predicted value of
K is 190. Using a value F =0.07, which is "typical," theKoc Un a F 0 .,

predicLed value of K " K F = (190)(0.07) = 13.3.p oc oc

' Additional sorption experiments are recommended to determine

~ I how the partition coefficient is related to sediment and soil proper-

ties and how exteuded contact times affect the partition coefficient.

13
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L Absorption Spectrum > 290 n

Schroeder et al. (1951) reported that in ethanol solvent,

2,4,6-WNT has an absorption coefficient of ". 10 at 310 nm; the data

do not extend beyond 320 un. Abe (1959) measured the ni spectra of

2,4,6-TiLT in several solvents in the range of 300 to 400 =m. in water,

absorption coefficients were approximately 650, 250, and 30 M-1t ci-

at 300, 350, and 400 nm, respectively.

Photolysis

Burlinson (1978) has studied the photolysis of TNT in a natural

river water and in distilled water. He found that in the sunlit

natural. water (pH 8.2; TOC, 4.48 mg/liter), the MNT concentrations

neared zero after 6 to 8 days; in the dark, the same solution required

30 days for 90% loss of TNT. The products identified from the natural

- water reaction were 1,3,5-TNB, 2,4,6-trinitrobenzaldehyde (TNBAL), and

three biotransformation products (amino nitro compounds). 1,3,5-TNB

A . was the major product formed, with a 10% yield obtained after 8 days;

yields of 1,3,5-TUB were subsequently reduced by biotransformation.

Burlinson also reported that TNBAL in the river water was 85% converted

to 1,3,5-TNE in 30 minutes, but the reason for this rapid conversion

of TNBAL to 1,3,5-TNB is not known. In distilled water, photolysis of

TNT produced only TNBAL.

Burlinson end Glover (1976) reported earlier that photolysis of

141 ppm TNT at > 290 nm was more rapid in Mississippi River water than

in distilled water; they attributed the rate difference to the higher

pH of the river water, which changed from pH 7.1 to 6.8 during the

photolysis. This was similar to the observation of Burlinson et al.

(1973) that 60 minutes of photolysis of TNT at > 290 rm in D20 gave
3. 48, and 70% losses of TNT at pH 1.1, 3.0, and 6.0, respectively.
In the TNT recovered from the pH 1.1 and 6.0 solutions after the

photolysis, deuterium incorporations were 75 and 50%, respectively.

* •In that 1973 study, Burlinson et al, also examined "pink water,"
lb -which was prepared by exposing saturated 120- to 130-ppm solutions of

* --
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II
TNT to a HS lafp source filtered by borosilicate glass. The pink water

contained as products TNSAL, 1,3,5-TNB, 2,4,6-trinitrobenzonitrile,

and 4,6-dinitroanChanil. Burlinson et al. also found that when iT

in an aqueous solution was exposed to sunlight for 4 days (30 hours of

sunlight), about 75% loss of st,rting material occurred and an addi-

tional four substituted azoxybenzene compounds were produced. Only

20% of the products were obtained in the benzene extract of this pink

water solution. When the TNT photolysis was performed in tetrahydro-

furan solvent, a 47% yield of azwxy compounds was obtained, and the

authors reasoned that the formation of azoxybenzene compounds in pink

water must also require a hydrogen atom donor.

Burlinson and Clover (1977a) have also reported that TNT photo-

products in photolyses at > 290 nm were not significantly different

when the initial concentrations were 113 and 4.5 ppm. In a subsequent

report (1977b), they did find that photoproducts were different

depending on whether the Hg lamp source had the borosilicate filter.

In contrast, Spanggord et al. (1978) found no significant difference

in photoproducts from TNT photolyses performed using sunlight or a

borosilicate-filtered Hg source.

Suryanarayanan and Capellos (1972, 1974) investigated the photo-

lysis of TNT using flash photolysis techniques. They found that the

formation or decay rates of the aci-quinoid intermediates were

unaffected by the presence of molecular oxygen. In nonpolar solvents

(benzene or cyclohexane), the absorption maximum was at 460 uM, with a

decay rate constant of 1.04 x 103 sec-'. In polar solvents (methanol

or acetonitrile), X were found at 500, 540, and 630 um. Decay ratemax

constants of the transient were measured as 1.74 sec-' in methanol

and 0.44 sec" in acetonltrile solvents. In the 1972 report, the

authors also wrote that the aci-quinoid TNT isomer has a pKa of -0.93.

Sandus and Slagg (1972) have reported a disappearance quantum

yield of 1 x 10-3 for the photolysis of 2,4,6-TNT in heptane solution

& -at 254 am, with the quantum yield independent of oxygen. The authors
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alsO mOasurced a mean lifetime of 1.5 ± 0.3 msec for the TNT interm-

diate formed iu a flash photolysis experiment; the maxim% absorption

for the intermediate was about 470 m.

No hydrolysis of 2,4,6-TNT is expected tmder environmental

conditions.

Biodegradation

The microbial degradatim of 2,4,6-TNT has been a subject of

interest since the 1940s. Rogoavskaya (1951) observed biological

decomposition of TNT at the 5-Wn/V 'eLr level. He reported that TNT

concentrations of 0.5 to 1.0 Mg/llLer have negligible effects of stream

self-purification, but incTeasimg concentrations inhibit it.

Using phenol-adapted mixed bacteria from soil, compost, or mud,

t •Chambers et al. (1963) evaluated the biodegradation of many aromatic

compounds by respiratory techniques. They observed a slow but

significantly higher oxygen uptake rate with 2,4,6-MT at 100 mg/liter

than endogenous respiration, indicating TNT is oxidized.

Enzinger (1970) adapted organiams from sewage treatment plant

samples to 2,4,6-TNT. When 100 ppm TNT was incubated witb those

organisms in trypticase soy broth, the concentration decreased to

1.25 ppm in 5 days. The cells had only trace amounts of 2,4,6-TNT,

so the decrease was not due to adsorption.

Bringmsnn and Kuehn (1971) used a two-stage model wastewater

purifier; the firzst stage was an aerator with Azatobactor aglis, and

the second was an overflow basin with activated sludge. They reported

that 128 mg/liter 1,4,6-TNT was 99.6% transformed after the second

stage.

Osmon and Klausmeier (1972) reported that TNT was degraded in

L i agar plates or fi--.sks when other organic nutrients were added to the

* media. Flasks con'taining 100 ppm TNT, mineral salts, and yeast

* extract inocular-d wlth sewage effluents, soil, or pond water gave
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> 99% loss of TNT after 6 days. Ro TNT disappearmce was

observed in inoculated flasks containing only mineral salt and

2,4,6-Th. Klausseier et al. (1973) then tested gram-negative bacteria,

actinaycetes, yeasts, and fungi. They found that TNT at 50 Mgtter

severely inhibited the growth of these organisms in wost cases. Bow-

ever, many of the cultures did grow well and degraded TNT at lower

concentrations with other organic nutrients. In studyiug treatments
of TNT wastewater, Nay et al. (1974) found that T T waste can he

biologically treated when combined with doaestic waste. TNT was

removed by biodegradation and biosorption.

Evidence of organisms using TINT as a sole carbon source was first

reported by Won et al. (1974). TNT enrichment cultures from mud and

water could grow in TNT and basal salts, and they degraded the TNT.

For accelerated TNT degradation, the addition of glucose or yeast

extract was essential. Complete dissimilation of 80 mgfliter TNT

within 24 hours occurred in medium supplemented with 0.5% yeast extract.

In the medium filtrate, TNT was metabolized to 2,21)6,6 ¾ tetranitro-

4-azoxytoluene (4-Az), 2,2',4,44-tetranitro-6-azoxytoluane (6-Af),

2-amino-4,6-dinitrotoluane (2-A-4,5-DNT), 4-hydroxylamino-2,6-dinitro-

toluene (4-HAr-2,6-DNT) and nitrodimminotoluene. Azony cowpounds dis-

appeared at later stage of incubation. 4-Azino-2,6-dinitrotoluene

(4-A-2,6-D-NT) was not found. According to Channon et al. (1944), the

azoxy compounds may be formed by a coupling reaction of the corres-

ponding hydroxylamines and are not the direct metabolic products of TNT.

Traxler et al. (1974) also reported that gram-negative bacteria

isolated from various sources can use TNT as the sole source of

nitrogen and carbon. They also reported that addition of yeast

extract at 100 ug/ml stimulated microbial growth on TNT. With an

isolate mutant, 62% of the TNT was removed from a medium containing

yeast extract and 100 Pg/il TNT in 20 hours. The presence of nitrite

in the medium indicated removal of the nitro group from the ring.

Using ring-labeled 1 C-TNT, Trazler and his co-workers demonstrated
Sthe Incorporation of TNT into the cellular material by two isolates.

Release of "CO2 was observed, and they concluded that cleavage of

'I!
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the benzene ring occurred. However, the i140Oa activities were Very

low (0.3 to 1.2% of added 1 C-TN). To explain this phenemman,

Tradler et al. conducted heterotropic CO2 fixation ex-eriments with

SgaHj4oa and found that C02 was taken up by the cells when the organ- I
-isms were growing on unlabeled TNT. On a molar basis, C02 fixation

accounted for at least 41% of the TNT consumed.

In addition, Trazler (1975) demonstrated that "t activity from

metabolized ring 24C-tNT was in ninhydrin-positive materials obtained
from the hydrolysis of cellular protein. He used washed cells at high 1

concentrations and found that they effectively rewved TNT frm the

media with or without yeast extract, or other organic nutrients; 94% j
TNT was removed from 100 igIml in 18 hours with 14 mg/ml cells. At

low cell concentrations, the removal was poor.

In a shaker flask with TNT-enriched medium Weitzel et al. (1975)
reported that sediment bacteria transformed TNT without additiona!

organic materials. TNT was reduced 6.7 to 9.4 mg/liter from 10 mg/
liter in 5 days. The addition of glucose and peptone and fatty acids

increased the formation of transformation products. Disappearance of
TNT was 9.9 mg/liter from 10 mg/liter in 5 days. The metabolites found

were similar to the prolucts reported by Won et al. (1974).

Using an enzyme preparation from Veillonella alkalesens, M-Cor-

sick et al. (1976) tested a variety of nitroaromatic compounds,

in•cluding 2,4,6-TNT, for their reduction by hydrogen to form corres-

ponding arylamines. The relative rate of reduction to other nitro-

aromatics was measured. McCormick et al. showed that TNT can be

degraded by anaerobic microorganisms as well as aerobic organisms.

Jerger and Chynoweth (1966) reported the anaerobic microbial degrada-

tion of TNT. In benchtop anaerobic digesters, they observed partial

disappearance of TNT and the appearance of transformed products, one

of which was identified as 4-OUA-2,6-DNT. Parrish (1977) tested 190
pure cultures of fungi and reported that 183 strains were able to

- transform 2,4,6-TNT in a mediua containing 10 ms/liter TNT, glucose,

and basal salts. Enzyme activities were in mycelia and not in

L. #19
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culture filtrates. The transformation products were 4-A-2,6-DNT,

4-OHA-2,6-DNT, and 4,4'-azoxynitrocoluene. Studies with ring-labeled

"C,-TNT gave no evidence for cleavage of the carbon skeleton.

Carpenter et al. (1978) used an activated sludge system to inves-

tigate the fate of at-labeled 2,4,6-TNT. 14C-TNT was not detected in

the aerated reactor and no significant 14CO 2 was formed; the radio-

activity was found in both the floe and supernatant. However, the I14C
.7 in microflora was not the characteristic constituent of lipid and

protein material (fatty acids and amino acids), but it was bound to

these compounds as polyamide macromolecules. No evidence indicated

that the nucleas was cleaved. In a 3-year study of a 3000-gallon

pilot-scale treatment facility, 1offsommer et al. (1978) used a

variety of conditiotj to degrade TNT and obtained the best results

with activated sludge microorganisms and supplemental nutrients. With

TNT at 10 to 50 ppm, 97% of the TNT was removed at a feeding rate

of 8 to 0.25 liters/mLnute. Using labeled TNT, Carpenter et al. (1978)

obtained similar results. The metabolites found were 4-A-2,6-DNT,

2-A-4-,6-DNT, 2, 4 -diamiuo-6-nitrotoluene, and 2,6-diamino-4-nitrotoluene.

furlinson (1978) conducted river die-away degradations of TNT

with river water. The experiments were conducted in the dark and in

sunlight under aerobic conditions. Under darkness, 90% of the TNT

(initially 20 ppm) disappeared in 30 days. The data indicated that the

transformations were first order relative to TNT concentration (.087 day-')

(without lag periods). Although microbiological plate counts were

made, the fraction of the microbial population responsible for TNT

transformation wae not known. ATP analysis of the waters was con-

ducked, but the concentration found did not correspond to the biomass.

In sunlight, TNT transformed much faster, suggesting that photodegra-

dation occurs At a faster rate than biotransformation.
I, ! !,3,5-TNB was found in the phictolysis with river water; photolysis

* of TNT in distilled water produced TNUAL. 'tider both darkness and

14 - light conditions, the blotransformation prcducts 2-A-4,6-DNT aad
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4-A-2,6-Dht were found, but the concentrations were higher in the

experiments conducted in the dark. 3,5-Dinitroauiline (3,5-DMA) was

found in the sunlight conditions and appeared to be the biotransfor-

mation product of TNB.

In summary, 2,4,6-TNT is biotransformable by microorganisms

including bacteria, yeast, and fungi, although TNT inhibits their

growth at high concentrations. For many of the organisms tested,

additional organic nutrients are essential. For others, added

nutrients are helpful in the transformation of TNT when it is used

as the sole carbon and nitrogen source. Burlinson's data (1978) show

that biodegradation is a first-order loss of TNT in river die-away

tests, but no rate study was conducted with an enriched culture.

Reduction of the nitro group to the amino group seems to be the first

step in biotransformation. Both the ultimate degradation of TNT to

C02 and evidence for ring cleavage were reported by Traxler and his

co-workers (1974), but no evidence for either reaction was found by
Carpenter et al. (1978) or Hoffsozaer et al. (1978).

in,3,5-Trinitr1hedrliydro-,3,5-TriazineQ (RDX

Summary and Recommendations

The volatilization rate of RDX, estimated from the available

literature data, suggests that volatilization should not be a signifi-

cant environmental fate. A screening study should be performed to

validate the predictive method, however.

Sediment adsorption Is not expected to be a significanf fate

process for RDX because of low partition coefficients determined for

various sediments.

Photolysis appears to be a rapid process, and detailed rate

studies in natural waters are needed. A reaction quantum yield for

RDX at a wavelength above 290 nm as well as its uv absorption spectrum

above 290 unm should also be measured for use in calculation of rate

constants for direct photolysis in aquatic systems.
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Hydrolysis of RDX at environmentally relevant pH values is slow.

Detailed hydrolysis studies are not recommended unless the screening

studies from other fate processes show a half-life for RDX of greater

than 170 days.

Biotransformation studies of RDX need to be performed. They

should include the development of enrichment cultures, the function

of sediment in biotransformation, the use of RDX as a sole carbon

source, and the identification of metabolic products.

Physical Properties

Solubility in Water

Spanggord (1977) determined that the solubility of RDX in

water at 18* C was 44.7 ppm (2.0 x 10-4 M). Syracuse Research Corpora-

* inion (1978) reported a solubility of 42 ppm (1.9 x 10"4 M) at 20' C--

", 'in excellent agreement with Spanggord's result. The values reported

by Battelle Columbus Laboratories (1978), 24 and 18 ppm at 21* C, are

- -probably erroneous because the saturated solutions were filtered before

analysis. The filter probably adsorbed some of the dissolved RDX.

.Vapor Pressure

Using a Langmuir method, Rosen and Dickinson (1969) deter-

mined the vapor pressure of solid RDX over the temperature range of

56 to 98° C; the extrapolated vapor pressure at 20* C was 4.1 x 10-9

torn. Edwards (1953) used a Knudsen method, and the extrapolated vapor

pressure was 8.2 x 10-9 torr at 20* C. This value is probably less

valid than that of Rosen and Dickinson because Edwards used a narrower

temperature range (110 to 1380 C).

Physical Transport

Volatilization Rate from Water

An estimate of the Henry's law constant for RDX using the

Is +.data of Rosen and Dickinson and of Spanggord is 2.0 x 10-3 tort M'.

22i$
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That constant is very low, and the correct value of Hc may be an orderC
of magnitude higher. The calculated value of (k ) eV is 3 x 1O- hC"'

and the estimated half-life for volatilization is 9 x 106 days.

Volatilization should not be a significant environmental fate for

RDX and volatilization studies are not recommended.

Sorption on Soils and Sediments

RDX sorption was measured on three sediments (Syracuse

Research Corporation, 1977ab; 1978a). The measured partition coeffic-
ients varied from 4.2 for a highly organic sediment to 0.8 for a sandy

loam. These values indicate that RDX is only weakly adsorbed to

sediments, and the experiments did not show increases in adsorption
with extended contact times.

Battelle Columbus Laboratories (1978) conducted soil column

tests to determine whether RDX migrates into groundwater. Unfortu-

nately, the experiments were terminated before enough data were

-collected to determine migration rates and the experiments cannot be

used to determine adsorption partition coefficients. Nevertheless,

RDX sorption apparently does not change with increased contact time,

so additional experiments to study the nature of the interaction of

RDX and soil or sediment are not required.

Photolysis

Spanggord et al. (1978) reported that of 44 ppm RDX in aqueous

solution, about 50% lost after exposure to sunlight for 7 days.

Syracuse Research Corporation (1978c) reported that 12 ppm RDX in

aqueous solution had a half-life of 10.7 hours; they noted that this

half-life compared favorably with half-lives of 9 to 13 hours that

were previously determined.

Kubose and Hoffsommer (1977) found that the major product from

photolysis of RDX at > 780 nm in acidic aqueous solution was the
•, mononitroso analog of RDX.
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NO2 •NO

The product formation was independent of the oxygen concentration in

solution, and this product was not found in neutral or basic media.

The authors suggested the initial step was photolysis of RDX to NO2

and the azayl radical followed by the sequence of reactions shown

below.

NO2  NO2

h v >+ 
N 0

NO2  NO 2  NO2

NO 2 + H0 + NOs- + NOJ-

NO,-- + HNO0+ NO + N0 2

NO 2  N02

N

NO + L
/ / N

NO 2  NO, NO

Kubose and Hoffsommer also reported that nitroso products were formed

directly from photolyses of RDX at > 220 ntm through cleavage of the

N-O bond; the formation of nitroso product(s) under these conditions

lb was independent of the pH of the solution. Syracuse Research Corpora-

tion (1978c) reported a quantum yield of 0.67 for photolysis of RDX

at 254 nm in an aqueous solution, pH 8.1. The product formed was the
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mononitroso analog of RDX, and the rate of photolysis was independent

of oxygen. The work by Rubose and Hoffsomer (1977) suggests that N-N

bond cleavage is the primary photochemical process at wmvlengths

greater than 280 whereas N-0 cleavage occurs at shorter wavelengths.

Hence, the quantum yield of 0.67, measured at 254 am may nmt be

relevant to photolysis of EDX in the environment.

Eydro!3siq

Hoffsommer and Rosen (1973) have reported that RDX in seawater

(pH N 8) at 250 C was 11.6% hydrolyzed in 108 days; this conversion

rate is equivalent to a hydrolysis half-life of 1.7 years. A subse-

quent report by Roffsommer et al. (1977) gives a second-order rate

constant for alkaline (-OR) hydrolysis of RDX at 25.0' C as 3.9 ± 0.2
x 103 MW seeC; using this rate constant, the calculated half-life

for -OH hydrolysis of RDX at pH 8.0 is 5.6 years. In the same report,

Holfsommer and his colleagues present data indicating that the hydrol-

ysis half-life of RDX at pH 9 is 200 days. A Syracuse Research Cor-

poration report (1978c) gives a rate constant of 1.6 x 10-2 MC' seC-'

for hydrolysis of RDX at pH 9.1 and 31' C. This information indicates

that alkaline hydrolysis will not be an important process in aquatic

environments compared with sunlight photolysis.

No reliable data on the neutral or acid hydrolyses of RDX are

available. Information presented in a Syracuse Research Corporation

report (1978a) indicates, however, that the half-life for RDX hydrol-

ysis at 300 C will be greater than 170 days in the pK range of 2.1 to

7.1. Because the photochemical transformation of RDX in sunlight is

rapid, neither neutral nor aqid hydrolysis of RDX will be important

processes in aquatic systems.

Biodegradation

Osmen and Klausmeiar (1972) studied the biodegradation of TNT,

ODX, and picrate. Some RDX disappearance was indicated during the

t jsoil enrichment studies, but proof of RDX degradation by microorganisms
was not obtained.
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Soll (1973) observed disappearance of RDX when it was incubated

with purple photosynthetic bacteria. About 97% of RDX was transformed,

from the initial concentration of 20 mg/liter, after 5 days of incuba-

tion. Soli hypothesized that rather than being metabolized, RDX is

reduced by an electron "storm" during the photosynthetic process in the

organisms.

In their pilot-plant study of TNT biodegradation, tioffsommer et al.

(1978) found no biodegradation of RDX either alone or in the presence

of TNT. TNT bioconversion was not inhibited by the presence of RDX.

In an environmental fate study of RDX, Sikka et al. (1978) reported

that 10 ppm RDX was decreased only when sediments were added to river

waters in river die-away experiments, with about a 20-day lag period.

During a 1-month period, no loss of RDX occurred in unsupplemented water

samples or in samples that contained yeast extract. The evolution of
S i 1"4C02 from 1"C-RDX was observed in water and water plus sediment after

the lag phase. When "C was added to wastewater samples from RXM pro-

t ~ . duction lines with sediment, as high as 80% "C0 2 was produced after 38

days of incubation, including 10 days of lag phase. Other river waters

with sediments did not produce significant amounts of 14COa, despite

their ability to transform RDX (nearly 80% loss from an initial level

of 10 ppm). Whether the sediment in these experiments provides extra

nutrients, essential nutrients, or cometabolic substrates or whether it

provides more organisms needs to be studied further.

Trinitroglycerine (TNG)

Summary and Recommendation

A volatilization rate for TNG can be estimated from literature data

and detailed studies are not recommended. Also, sediment adsorption is

not believed to be a significant process based on estimates of the parti-

tion coefficient; however, screening studies are recommended. Photolysis

studies should be performed to establish a limiting environmental photol-

ysis rate for TNG. Hydrolysis of TNG under neutral and acidic conditions
La - will be slow. A screening study is needed to determine a limiting rate

constant at alkaline pH. Complete biotransformation rate studies are

recommended to detail the importance of this fate process for TNG.j 26



Physical Properties

Solubiliýt in Water

The solubility of TNG in water is reported to be 1.0 gS/8 ml

of water (5.5 x 10-i M, Merck Index) and 0.138 g/100 g of water

(6.1 x 1i-8 M) at 20' C (Ledbury and Frost, 1927).

Vapor Pressure

Kemp et al. (1957) reported that the vapor pressure of liquid

TNG at 20' C is 2.0 x 10-2 torr. Yokogawa et al. (1966) measured a

vapor pressure of 3.8 x 10- tort at 20* C. Vacek and Stanek (1959)

report data from which the extrapolated vapor pressure of T2G at 20' C

is 4.2 x 10-' torr. Obviously, the agreement between these data is

poor.

Physical Transport

A Volatilization Rate from Water

Estimates of the Henry's law constant for TNG, using the

various literature values are that Hc is between 3.3 and 0.06 tort K".

Using HC - 0.06 ton X-', the estimated value of (k ) is about
th v env

10-• hr-C and the half-life for volatilization is about 3000 days.

Volatilization rate studies for TNG are not recommended.

Sorption on Soil and Sediments

No sediment or soil adsorption isotherm data for TNG were

"found during the literature search. Based on the solubility of TNG

in water at 14% and the correlation of K and water solubility shown
oc

in Figure 1, the estimated value of K is 20. This value suggestsoc
that adsorption on sediments may not be a significant environmeuntal

fate. Nevertheless, screening experiments are recommended.

Photolysis

1% No data suitable for assessing the photolysis of TNG in aquatic

.f systems are available. Urbanski (1947) found that TNG is decomposed

to acidic products when irradiated in a quartz well/Hg lamp system.
2
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Onada et al. (1965) reported that filmi of cellulose nitrate are

decomposed by uv light and sunlight. By analogy to the sunlight

photolysis of cellulose nitrate, TNG is also probably photolyzed in
sunlight.

DiCarlo (1975) has ,?eviewed the chemistry and biochemistry of TUG

and notes that the mechanism of TNG hydrolysis is unknown. According

to DiGarlo, kinetic and mechanism studies are difficult because of

competitive side reactions that are hydrolytic, oxidative, and reduc-

tire in nature. Thus, the reaction of TNG in alkaline solution has

been found to proceed by the following stoichiometry: TUG + 5KOH -.

KNO3 + 2KN0 2 + HC02K + CHsC0 2 K + 3H20. Glycerol was found as a

hydrolysis product of TNG when the reaction was performed in the

presence of a compound such as phenyl mercaptan, which is oxidized

* ipreferentially to glycerol.

• i Svetlov at al. (1976) have studied the kinetics of the neutral

- hydrolysis of several polynitrates of polyhydric alcohols, including

TNG. The kinetic experiments were conducted with solutions of the

nitrate eaters in distilled water; nitric and nitrous acid were

generated by the hydrolysis, so the kinetic data reported were based

on the first 5% of the reaction. The rate constant measured for TNG
hydrolysis at 80* C was 6 x 10" seC-', which corresponds to a half-

life of 134 days. Assuming that the rate of hydrolysis is halved for

each 10' C decrease in temperature, the half-life for TUG hydrolysis

at environmentally relevant temperatures will be on the order of years

at neutral pH values (nominally pH 5 to 7).

Rosseel et al. (1974) measured the hydrolysis rate constants

for TNG and its hydrolysis products at 370 C in I to 4 M HCR. In I M

1C1, the respective hydrolysis rate constants for TNG, 1,3-dinitro-

glycerine and 1-nitroglycerine were 1.6 x 10", 3.7 x 10-', and 2.40

x I0-7 set-x; the half-life for TNG under these conditions is 5.0 days.

. Assuming that the process studied was first order in both acid and
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nitrate ester, the acid hydrolyses will be 10' slower at pH13,

with an acid hydrolysis half-life of over a century.

Capellos et al. (1978) thoroughly examined the alkaline hydrolysis

of TNG and its derivative esters. The alkaline hydrolysis of TWG at

25' C was determined to have a second-order rate coustamt of 2.15 x

l0-2 M-I sec7' (average rate constant for two experiments). Using

this rate constant, the half-life for alkaline hydrolysis of T1G at

pH 9 is 37 days.

From these data, the hydrolysis half-life of TNG at 25* C is

reliably predicted to be more than 1 year at pH 3 to 8; at pH values

above 8, the hydrolysis half-life is less than I year; and the half-

life at pH 9 is 37 days. Therefore, unless other transport or trans-

formation processes are all =wusually slow for TN1G, hydrolysis of TNG

will not be an environmentally significant fate process except possibly

at high pH levels.

Biodegradation

Relatively little information has been published on the microbial

degradation of TWG, although many papers repor ted the metabolism of

this compound in mammalian systems (DiCarlo, 1.975). Microbial degra-

dation of TNG was first reported by Wendt et al. (1978) who found that

the compound was readily biodegraded when batch or continuous tech-

niques were used with activated sludge cultures. TNG was not a suit-

able carbon or nitrogen source; other organic nutrients such as

glucose are needed. In shaker flasks containing 67 mg/liter TNG,

glucose, and minimal salts, a 53.6% decrease in TWG concentration was

observed after 5 days of incubation. Without glucose, only 3.1% loss

was observed.

2 .4-Dinitrotoluene (2,4-DNT)

Sumary and Recopmendations

Volatilization rate estimates show that volatilization may be an

important fate process for 2,4-DNT that requires detailed study. Sedi-

ment adsorption may also be an important fate process, as indicated
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by estimates of partition coefficients. This, too, requires further

study. Photolysis studies also shoul4 be performed in %iew of the

rapid photolysis of other ortho-nitrotolueae copounds. Biotransfor-

mation of 2,4-DNT is likely to occur in the enviroroaent, and detailed

investigations of this fate are recommended.

Physical Properties

Solubility in Water

The solubility of 2,4-DNT at 220 C has been reported as
? 0.027 g/lO0 g of water, or 1.5 x 10-1 M (Desvergnes, 1925). We found

no other solubility data. The solubility should be reseasured at 20* C

using the technique of Campbell (1934). That technique is described

in Section I1.

Vapor Pressure

Pella (1977) measured the vapor pressure of solid 2,4-MNT

using a gas saturation method. The vapor pressure extrapolated from

his data is 1.1 x 10-' tort at 200 C.

Maksimov (1968) used 2,4-DNT near its boiling point. The

extrapolated vapor pressure at 200 C is 5.1 x 10-j torr, which should

be a reasonable estimate of the vapor pressure of supercooled liquid

2,4-DNT.

Physical Transport

Volatilization Rate from Water

An estimated value of the Henry's law constant for 2,4-DN?

is 3.4 torr K-'. The estimated value of H suggests that the volatili-

zation rate of 2,4-DNT is limited by gas-phase mass transport resistance.

The estimated value of (k) env is 6.1 x 10- 4 hei1 and the half-life forThe~~~~ esnae vleo

volatilization is 47 days. The volatilization rate data of S81 anggord

et al. (1978) can be used to calculate a (k a ), value of 2.96 x10-1'

hr-' and a (kw)la value of 3400 cm hr". These values can be used to

calculate (k \kw) and (k) using equation (A-28).
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I Then, frcm Eq. (A-30), (A-31), a-d (&-2),

v 2.96 x 10'
-- a

.S. 66 xS.66x ±0 cm

'7

_n k Z Wenv

(ilah ten -aen

a (8. 66 x _,F) (7.8) (2100)•- ~(200)

7.1 x l0-$ hr- =1.7 x 10'- day

and the estimated environmental half-life for volatilization is

410 days. This value is within an order of magnitude of the

volatilization half-life estimated using the procedure described in

the TbrT section, which is excellent considering the approximations

that were made.

These results suggest that volatilization of 2,4-DNT may

be an important environmental fate and detailed volatilization rate

studies are recommended.

- "
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Sorption on Soils and Sedimants

No sediment or soil adsovptiou isotherm data for 2.4-UN

were found during the literature search. Used an the solubility of

2,4-fOT in water at 20% and the correlation of K and water solubility

shown in Figure 1, the estimated K is about 90. This value suggests

that adsorption on seditmets may not be a significant environmental

fate. Novever, screening experIments are recommended,

•..- Photolysis

Spanggord et al. (1978) reported that 50% of the 2,4-DNT component

of a MT condensate water was lost after exposure to sunlight for

about 5 days. A control solution maintained in the shade shoved that

the same amount of 2,4-UNT was lost in about 11 days. These data
suggest that volatilization is competitive with direct photolysls of

2,4-DNT under the conditions of the experiment.

Burlinson and Glover (1977a) have reported that 2,4-DNT photo-

S •lyzes more rapidly at higher pHs. Thus, photolysis at > 290 =m of

125-ppm 2,4-DNT solutions at pH 3.3 and 10.8 gave 44 and 92% reaction,

respectively, after 5 hours of irradiation. In the same report, the

authors summarized their previous work on identifying the 2,4-DNT
A photoproducts, accounting for 52% of the starting material lost. The

products and their yields were-

j 2,4-Dinitrobeuzaldehyde, 62

' 2-Amino-4-nitrobenzaldehyde, 10Z

& 2,2 '-Carboxaldehyde-5,5 '-dinitroazoxybenzene, 3%

. 2,4-Dinitrobenzoic acid, 7%

* 2-Amino-4-nitrobenzoic acid, 16%

• 2,2 '-Carboxy-5,5' -dinitroazoxybenzene, 10%

Wettermark and Ricci (1963) and Wettermark et al. (1965) inves-

tigated the photolysis of 2,4-DNT in terms of the aci-quinoid inter-

mediate formed during the flash photolysis of 2,4-DNT in a solvent of

1% ethanol in water. The transient intermediate in strong acid showed

S~an absorption minimum at 400 um and a peak absorption at 420 nm; in

32
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strong base (0. IX EaCH), the i was at 450 a and the

at 530 on. The transition from the aei-d spectrum to base spctrem for

the 2,4-D= intermediate occurred at about pR 1, and the base speetrtm

was unchanged over the pH range of 2 to 13; the spectr%= was also

unchanged by the presence of oxygen or buffer salts. The spactrum of

1 the nouirradiated 2,4-bET was also found to be unchanged in the pi

region of 0 to 13.

. Wettermark et al. also reported that in Xa&O solutions of pH. 10

to 13 the first-order rate constant for decay of the base interaediate

* was 1.0 see-'. The rate of decay was affected by the buffer salt

concentration, but the first-order rate constant for decay was also

1 determined to be 1.0 sec- at pH 8.4 after extrapolation to infinite

, dilution for buffer salts. Below pH 5, the decay rate increased with

lowered p1l. Rate constants for neutralization of the basic transient

intermediates were measured to be 7.4 x W0* X` sec-t for E& and 1.8

t '. t x 1C- 1(1 se-C1 for reaction with water. The decay rate constants

for both the acid and base intermediates were unaffected by oxygen at

all pH levels except near pH I where the intermediate undergo"e the

acid/base chatge in spectrum.

The authors also reported that in addition to the transient spec-

trum, permuaent visible absorptions appeared in the range 380 to 600

urn, with the extent of coloration from these photoproducts depending

strongly on pH, buffer concentrations, and the presence of oxygen.

Sandus and Slagg (1972) reported a disappearance quantum yield

-- of 1 x 10-S3 for photolysis of 2,4-hNT in heptane solvent at 254 um;

the quantum yield was not affected by oxygen in solution.

No hydrolysis of 2,4-DWE is expected under environmental

i ,conditions.

I Biodegradation
,. Chambers et al. (1963) reported evidence of degradation of 2,4-DNT

with phenol-adapted bacteria and 100 mg/liter 2,4-DUT using respiratory
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techniques. 2,4-DNT (100 m/liter) was transformed by some fungi in

basal medium with glucose (Parrish, 1977). Only 5 of 190 organisms

tested transformed 2,4-DNT, cowpared with 183 for TNT.

McCormick et al. (1978) identified the products of transformation

by a fungus Microsp2rux species grown in DNT, glucose, and basal
I medium. Those products were 2-amino-4-nitrotoluene (2-A-4-NT),

4-amino-2-nitrotoluene (4-A-2-NT), 2,2 "-dinitro-4,4'-azoxytoluene,

4,4'-dinitro-2,2P-azoxytoluene, and 4-acetamido-2-nitrotoluene.

2,4-DNT was also reduced by hydrogen in the presence of an enzyme

preparation from Veillonella alkalescens (McCormick et al., 1976).

No environmental fate study was performed.

CATEGORY ii CHEMICALS

1,3-Dinitrobenzene (l,3-DNB)

- :Summary and Recommendations

, Vciattlization of 1,3-DNB is expected to be an important environ-

msental fate process, so detailed studies are recommended. Sediment

adsorption is nwt considered to be an important fate process; however,

screening studies should be performed. Photochemical screening studies

ahoule be considered in natural waters because of a tailing of the uv

absorption spectrum into the region above 900 nm. Biotransformation

studies are necessary to determine microbial reduction rates of 1,3-DNB

A and the potential for occurrence of other biotransformations.

* I Physical Properties

Solubility in Water

Several researchers have measured the solubility of 1,3-DNB

in water: Urbanski (1964) obtained 0.02 g/100 g of water (1.2 x l0-3 M)

at 200 C; Leiga and Sarmousakis (1966) obtained 0.533 g liter-' (3.17

x 10-3 K) at 25' C; )theifets et al. (1974) obtained 0.36 g liter-

(2.2 x 10-3 M) at 200 C. The data of Kneifets et al. are probably

the best available.

* 34

N.., -. _ _ .Z•~



Vapor-Pressure

Maksimov (1968) measured the vapor pressure of liquid 1,3-124.

His data, extrapolated to 20a C, give a vapor pressure of supercooled

liquid 1,3-1RNB of 3.9 x 10-3 torr.

Measures of the vapor pressure of solid 1,3-DNB have been

reported (CA 59:12206f; 70:61315y). However, the units and som of

the data are unclear, and we have not tried to analyze them because

"Maksimov's data are satisfactory for our purposes.

hysical Transport

Volatilization from Water

The estimated value of Hc for 1,3-DNB at 20' C is 1.8 torr W-1.C
The estimated value of (k0)v, using equation (A-31), is 3.9 x 10- hrI'a nv' Cr
and (tk)env is 73 days. The estimated value of (k v/k , lab' using data

¶ from Spanggord at al. (1978), is 6.4 x 10-1 cm-f, which gives a value of

S(kenv - 5.2 x 10- hr-C and a half-life for volatilization of 550 days.

These results suggest that volatilization of 1,3-DNB may be an

important environmental fate and detailed volatilization rate studies

Iare recommended.

Sorption on Soil and Sediments

I No sediment or soil adsorption isotherm data for 1,3-DNB

were found' during the literature search. Based on Its .02% solubility
in water and the correlation of Koc and water solubil 'ty shown in

Figure 1, the estimated value of K is about 64. This suggests that

adsorption on sediments may not be a significant environmental fate;

I. however, screening experiments are recommended.

Photolysis

Spanggord et al. (1978) reported that 50% of the 1,3-DNB component

of a TNT condensate water was lost after exposure to sunlight for about

S ' 12 days. A control solution maintained in the shade, however, showed

I, that the same amount of 1,3-D014 was lost in about 14 days. The data

suggest that volatilization is more rapid than direct photolysis of

1,3-DNB under the conditions of the experiment.

'.135
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Sandus and Slagg (1972) measured the disappearance quantum yield

for photolysis of 1,3-DUB in heptane at 254 mm; the quantum yield of

I x 10- was independent of oxygen in solution. For reasons discussed

under "Other Considerations," this information cannot be applied in

predicting an environmental photolysis rate for 1,3-DN) at this time.

Several research groups have studied the interection of chloro-

phyll and 1,3-DNB in stabilizing chlorophyll toward photolysis. As

discussed under "Other Considerations," reseirch has not revealed how

this chemistry may be important in phototransformations of nitro-

aromatics (in this case, 1,3-DNB) in aquatic enviroxments. The fol-

lowing information on the chlorophyll-l,3-DNB chemistry, however,

indicates the possible existence of the charge transfer complex or

radical anion species of 1,3-DNB, which may result in 1,3-DNB trans-

formations in aqueous environments if less simple (i.e., irreversible)

reactions were to occur.

Vrbaski (1950) found that the photofading of chlorophyll is

retarded by the presence of 1,3-DNB and suggested that a chlorophyll-

1,3-DNB complex is responsible for the stabilization. A more mecha-
nistic explanation for this apparent stabilization is provided by

Chernyuk and Dilung (1965), who found that when chlorophyll in an

ethanol-glycerine mixture containing 1,3-DNB was irradiated at -75C C

the chlorophyll was bleached with the appearance of a new absorption

band at 470 to 570 nm. This low-temperature product gave a complex

epr signal and was believed to be due to an ion-radical pair formed

by transfer of an electron from chlorophyll to 1,3-DNB. The transfer

was mostly reversed in the dark in fluid medium, although a small

amount of chlorophyll was oxidized irreversibly.

Ivnitskaya et al. (1968) reported that the photoreaction of

chlorophyll, 1,3-DNB and the leuco base of malachite green proceeds

by oxidation of the photoexcited chlorophyll by 1,3-DNB, with subse-

quent reduction and oxidation of the oxidized chlorophyll and reduced
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1,3-DNB species, respectively, in a more complex mechanism. Such

reversible oxidation-reduction sequence(s) should serve to slovethe

photofading rate of chlorophyll.

Hydrolysis of 1,3-DNB is not expected to occ'r under environ-

mental conditions4

Biodegradation

Cartwright and Cain (1959) repcrted that an extract of Nocardia

e thropolis reduced 1,3-DNB to corresponding arylamines, In a

respiratory study with phenol-adapted bacteria, Chambers et al.

(1963) showed that oxygen consumption was not significantly higher

than endogenous respiration with 1,3-DNB or with 1,3,5-TNB, indicating

that little or no biodegradation of these chemicals occurred. Alex-

ander and Diastigman (1966) reported that 1,3-DNB is resistant to

attack by soil microorganisms as measured by loss of uv absorption in

medium with 5 ug/ml 1,3-DNB.

Bringmann and Kuehn (1971) reported that 1,3-DNB and 1,3,5-TNB,
both at an initial concentration of 136 mg/liter, were reduced 100 and

98%, respectively, in a two-stage model wastewater purifier.

2,6-DNT, 1,3-DNB, and 1,3,5-TNB were reduced by hydrogen with

an enzyme preparation of V. alkalescences (McCormick et al., 1976).

Further studies are needed to determine the importance of

biotransformation for 1,3-DNB.

1, 3,5-Trinitrobenzene (TUB)

Summary and Recommendations

Volatilization and sediment adsorption are expected to be signif-

icant for 1,3,5-TNB, and detailed investigations are recommended.

Since uv absorption tailing into the region above 300 nm occurs,
V

photochemical screening studies should be performed. Also, photol-

ysis screening studies should be performed in the presence of a

natural water. Biological studies of 1,3,5-TNB are needed to delineate

"this fate process.
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?hosicale Proerties

4Solubility-in Water

The solubility of 1,3,5-TNB has been measured by several

-workers. Urbanski (1964) reported a solubility of 0.03 g/100 S of

water (1.4 x 10-4 M) at 17* C. Deavergnes (1925) found 0.0278 g/lO0 g

of water at 15* C; other measurements at 50 and 100 C are also

reported. The extrapolated solubility of 1,3,5-fNl at 20' C is 0.034

! I- isg/l00 g of water (1.6 x 1(-' M).

ri, Vapor Pressure

j Maksimov (1968) measured the heat of vaporization, AIHv, of

l,3,5-TIB as 17.5 kcal mole-'. That value can be used to calculate

the vapor pressure using the Clausius-Clapeyron equation. Using

boiling temperature of 315' C at 760 torr, the vapor pressure of the

supercooled 1,3,5-TNB liquid is approximately 2.2 x 10-' torr at 20' C.

Nitta et al. (1950) measured the vapor pressure of 1,3,5-TNB

over a temperature range of 80 to 132* C using a modified Knudsen

technique. Those data can be extrapolated to 20* C, giving values of

3.2 x 10-' torr (solid) and 5.1 x 10-6 torr (liquid). The agreement

between the data of Maksirov and Nitta et al. is poor.

Physical Transport

Volatilization Rate from Water
The estimated value of H for 1,3,5-TIB using the more recent

data of Maksimov (1968) is 1.3 tort M-1, which gives an estimated (0) n
using Equation (A-31), of 2.2 x 10-4 hr-1 and (t )env -130 days. These esti-

mates suggest that volatilization of 1,3,5-TNB may be significant and

detailed volatilization rate measurerento -re recoz-eenCe.

Sorption on Soils and Sediments

Neo sediment or soil adsorption isotherm data for 1,3,5-TNB

S -were found during the literature search. Based on the solubility in

water at 20* C and the correlation of Kc and water solubility shown
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in Figure 1, the estimated value of Koc is 520. This value suggests

that adsorption on sediments may be a significant environmental fate.

Therefore, detailed adsorption isotherm experiments are recommended.

In a study of the stability of TNT photoproducts, Burlinson et al.

(1973) reported that 1,3,5-TNB in aqueous solution was unchanged after

irradiation for 6 hours with a Hg arc (presumably with a borosilicate

filter to exclude light > 290 n). The authors apparently did not

pursue these studies further.

Other studies that provide information on the chemistry of ThB
but that have no obvious application to environmental aquatic systems

have been reported. Gold and Rochester (1960) reported that irradia-

tion of a solution of 10"• ,3,5-¶NB in 0.5 N NaOH with a 150-watt

incandescent bulb caused the colored mixture (presumably a-complex)

to fade 50 times faster than an identical solution maintained in the

dark. Yields of nitrite and 3,5-dinitrophenol of 95% were obtained

in the irradiated solution. In the dark reaction, small amounts of

ammonia and picric acid were found in. addition to nitrite and

3,5-dinitrophenol. In the irradiated solution, the rate of nitrite

formation was equal to the rate of fading of the complex; but in the

dark, the nitrite production lagged behind the fading process.

Letellier and Gaboriaud (1975) reported that the a-complex of c9-

and 1,3,5-TNB ultimately gave picric acid as a product. Abe (1961)

also found that the colored complex of 10-' H 1,3,5-Tn.B in a solvent

of 4% water in acetone containing 0.04 M NaCH faded within hours and

that the solutions then became turbid. The information in these

papers is insufficient to make comparisons on the similarities or
differences in the chemical processes, however.

Stenberg and Holtzer (1964) found that 1,3,5-TNB in ethanol sol-

vent irradiated for 36 hours with a Hg lamp/quartz well system gave

up to 28% yields 3,3',5,5'-tetranitroazoxybenzene. Stenberg et al.
(1977) cite references in which photoreduction of nitrobenzene
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proceeds by triplet state abstraction of hydrogen atoms from amine,
alcohol, ether, and hydrocarbon solvents. In that paper, the authors

report that photolysis of 1,3,5-TNB in 1-propanol at 366 nm gave

reaction quantum yields that decreased from 0.071 to 0.015 with

longer irradiation; uitrobenzene reduction quantum yields decreased
from 0.067 to 0.010 in the same system. Stenberg et al. suggested

that a nitroxide to, med during photolysis was responsible for quenching

the triplet state nitroaromatic and hence for the lowered quantum

yields.

7 Capellos and Suryanarayanan (1972) reported flash phol:olysis

studies on 1,3,5-TN% in air-saturated alcohol solvents, with a tzan-

sihut species having X at 4SO0 and 500 mm. -They state that the

P photolysis mechanism requires a polar solvent with proton affinity as

follows.

S4TNB - 'TNB 3*m

CH, OR + 3TNB + NO2  + CHSO()a

NOa

N02 NO0

NO e + O 0 (transient
02Q ONO2 species)

In oxygen-free methanol, a permanent product is formed, which the

authors believe is a methoxide/TNB complex.

The electrophilic nature of 1,3.5-TNB has been described. The

interaction of nitroaromatics in the photostabflization of chlorophyll

was discussed in the preceding section on 1,3-DNB. Larry (1967)

r-• studied the charge transfer complexation of 1,3,5-TNB with chlorophyll.

Kawai et al. (1969) found that flash photolysis of p-dimethoxybenzene
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ZI
(DM) in oxygen-free acetonitrile in the presence of 1,3,5-TNB pwpducea

DMB cation radical via electron transfer to 1,3,5-THB. In this system,

the radical pair dlsproportionates back to starting material. Although

the ability of 1,3,5-TNE to serve as an electrophilic agent is well

established--as would be expected for such a nitro-substituted

molecule--the significance of its electcon-accepting character in its

environmental chemistry is yet to be determined.

Hydrolysis

Hydrolysis of 1,•3,5-TNB is not expected to occur under environý-

mental conditions.

Biodegradation

The biodegradation of 1,3,5-ThB is described in the preceding

section on 1,3-DNB (see page 36).

2 2,6-Dinitrotoluene (2,6-DNT)

Summary and Recommendations

S]Volatilization and sediment adsorption are expected to be signifi-

cant fate processes for 2,6-DNT and are recommended for detailed study.

Photolysis will be a rapid process, and in-depth studies of that

process are also recommended. The effect of pH on photolysis rates

-• should also be investigated. No evidence was found for the biotrans-

formation of 2,6-DNT. However, by analogy to other DNT isomers,

biological screening studies are recommended.

Physical Properties

Solubility in Water

No solubility data for 2,6-DNT were found. Measuring its

solubility in water at 20' C is recommended using the technique des-

cribed in Section II. A reasonable estimate, based on the solubility

of 2,4-DNT, is I x 10- X.
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I Vapor Pressure

Pella (1977) rep•ced that the vapor pressure of solid 2,6-

.DNT at 20 C is 3.5 x 1-" corr, as measured by a gas saturation

technique.

Maksimovw (1968) reported a vapor pressure that can be used to

estimate the vapor pressure of supercooled 2,6-DNT. His data give a

vapor pressure of 0.018 tort at 20' C. This estimate seems high com-

pared with the value for solid 2,6-DKT measured by Pella,

Physical Transport

Volatilization Rate from Water

The value of H for 2,6-DlT, which was estimated from the
estimated solubility of I x 10" M and the vapor pressure reported by

Maksimov (1968) of 0.018 torr, is 18 torr -f'. Then, the estimated

value of (kC )env' using Equation (A-31), is 3.2 x 10-3 hr'- and

9 days. Using the data reported by Spanggord et al. (196a),

"(k/k)) 2.5 x 10-6 cm-", which sagests that (k )n is 4.8 x 10-'
a a 140 days. These estimates suggest that volatilization

may be a significant environmental fate and detailed volatilization
i : studies are recommended.

Sorption on Soils and Sediments

No sediment or soil adsorption isotherm data for 2,6-DNT

were found during the literature search. Based on its .02% solubility

in water and the correlation of K and water solubility shown inoc

Figure 1, the estimated value of K is about 100. This value sug-oc

gests that adsorption on sediments may be a significant environmental

fate. Hence, detailed adsorption isotherm experiments are recommended.

Spanggord at al. (1978) reported that 50% of the 2,6-DNT compo-

nent of a TNT condensate water was lost after exposure to sunlight

for about I day. A control solution maintained in the shade shoved

that the same amount of 2,6-DNT was lost in about 5 days. hlis sug-

gests that volatilization is slower than direct photolysis of 2,6-DMT
under the conditions of the experiment.
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Burlinson and Clover (1977c) have reported that a ISO-ppa 2,6-DN!

solution contained only 0.2 ppm 2,6-Dwr after exposure to sunlight for

5 days. The solution contained at least 40 products (by hplc) and

30 to 40% polymeric material. Some products identified by hplc were

azozy and azo benzene structures with methyl and nitro substituants

and their derivatives (i.e., aldehyde, acid and nitroso, oxime groups,

respectively). Subsequently, Burlinson and Clover (1977b) further

reported that 2,6-1tR1 is photolyzed more rapidly with increased pH;
4, 18, and 31% losses of 2,6-ONT occurred when 100-ppm solutions at

SpH 4.6, 6.7, and 10.8 were irradiated for 5 minutes with a borosilicate-

filtered Hg lamp.

-• Langmuir et al. (1969) studied the flash photolysis of 2,6-DN1T

Ii• in the same system as described previously. The aci-quinoid isomer of

12,6-DNT was determined to have a pKa of 1.8, with a rate constant for

tautomerization to the nitro form of 2 x i0-3 see-' at 30* C; the lat-

ter rate constant corresponds to a half-life of 3.5 x 10` sec.
Langmuir et al. also determined that above pH 6 a limiting rate cons-

"I - tant of 0.95 sec-' is attained for fading of the anion. The rate cons-

4i• . tants for protonation of the anion by H20 and e' were measured as

1.6 x 1071 K-1 see-' and I x 10' M-1 sec-', respectively.

I Hydrolysis

Z,6-DNT is not expected to hydrolyze under environmental
conditions.

Biodegradation

No studies were found on the biodegradation of 2,6-DNT, except

by enzyme preparation (see "Biodegradation" section for 1,3-DN-B). By

analogy to 2,4-DNT, biodegradation will probably occur in the

environment.

2,3,6-Trinitrotoluene (2,3,6-TNT)

-. • No reports were found on the environmental fate of 2,3,6-TNT.

- - Therefore, all the screening tests are recommended for this compound.
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CATEGORY III GHWfCALS

2-zin-o-4,6-Dinitrotoiuene(K2-A-4,6-m$T)

L.mMýar and Reommendations

No publications were found on the environmental fate of 2-a-4,6-

WlT. Therefore, all screening studies should be performed to identify

dominant fate processes.
•[. " P hotolysis.

Burlinsou and Glover (1977b) have reported that photolysis of -

50 ppm 2-A-4,6-DNT at > 290 nm in an unbuffered aqueous solution

produced about 70% loss in 7 hours. Six. products were evident by tic

analysis of the CH2 CI2 extract, but the largest product yield wras

only 2%. The only product identified from the photolysis was 4.6-

dinitroindazole.

NO NH

NOZ

Biodegradation

2-A-4,6-DNT was identified as a metabolite of 2,4,6-TNT (Won at

al., 1974; McCormick et al., 1976; Hoffsommer et al., 1978), and

2-A-4,6-DNT was further reduced (Hoffsommer 1978). In a batch study,

13 ppm 2-A-4,6-DNT was lost after 3 days of incubation with sludge

microbes. 2,4-Diamino-6-nitrotoluene and 2,6-diamino-4-nitrotoluene

were produced. No other studies have been reported regarding biotrans-

formation of 2-A-4,6-DNT.
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Simaary ad Ratendtions

No literature on the environmental fate of 3,4-DNT was found.

Solubility and volatilization rate studies and detailed adsorption

isotherm experiments are recomnended. Photolysis screening studies

in nartural water should also be performed.

Volatilization Rate from Water

No solubility or vapor pressure data for 3,4-l•NT mere found. The

volatilization rate data of Spanggord et al. (1Q78) can be used to esti-

mate (k Ck W) - 6. 9 X 10'- e (kC)env 0 1.4 x 1-r day?, and (- sV g lab vevI
500 days. These estimates suggest that volatilization of 3,4-DNT may be
a significant envirozmental fate and detailed volatilization studies are

recomeded.

Spanggord et al. (1978) reported that 50% of thw 3.4-DNT compnent
of a TNT condensate water was lost after exposure to sunlight for ahout

10 days. A control solution maintained in the shade, however, showed

that the same amount of 3,4-fT was lost in about 13 days. This sug-

gests that volatilization is more rapid than direct photolysis of 3,4-DINT

0 under the conditions of the experiment.

j 5-Amino-2,4-Dinitrotoluene (5-A-2, 4-DNT)

Sfmmar and Recaommendatons

No literature on the environmental fate of 5-A-2,4-DtT was found.

Performance of all screening studies is reconmended to identify dom-

inant fate processes.

Vo¾latilization and thotolysis

Spauggord et al. (1978) reported that 502 of the 5-A-2,4-DNT com-

ponent of a TNT condensate water was lost after exposure to sunlight for

about 16 days. A control solution maintained in the shade showed that

only 4% was lost in about 17 days. This suggests that volatilization is

such slower than direct photolysis of 5-A-2,4-DNT under the conditions of

the experiment.
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The eattwed Value of (k-:/) is 1.2 x 10r• =71' using

the data reported In g rd et al. (1978). This
suggests that the half-life of 5-A-2,4-DNT would be 2800 days, and

volatilization studies are not recvawevded.

In the literature, a number of processes are described, related

mainly to the nitroaromatic cmp s, that may occur under selected

* •environmental conditions. These include the processes that depend on

the acidity of nitroaromatics, -- and a-complexation of nitroaromatics

including charge-trausfer complexes, photoreductioa, reduction in the

presence of metal ions, and oridation. Should these processes occur

to any degree in the environment, the rate and equilibrium constants

governing them would need to be incorporated into the total modeling

expression.

The following sections describe these processes and their poten-
Stial environmental significance.

The Nature of the Aciity of Nitroaromatics

Information on several nitroarcmatics containing two or three nltro

"group substituents irdicates that the acidity of these compounds is

due to the Lewis •cid character of the aromatic ring (Scheme 1) rather

than to the more familiar proton donor mechanism as defined by the

Lowry-Bronsted acdd-base theory. In the chemical equations

and equilibria expressions for the two processes, Ar is the neutral

nitroarozatic species; the anionic species BJ- and B2- have the

general structures illustrated below.

09 + Ar -1,Bj K )eq (r Cr

Scheme 1
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Both B1 - and structure 2 of B2- are stabilized by resonance when

electron-withdrawing substituents such as vitro groups are located

ortho or pare to the -OH and -C•a- groups on the respective aions.

Stable anions such as B- formed by reaction of nitroaromatics with

nucleophiles are kbown and are called a-complexes or lfisenheiuer

complexes.

In basic aqueous solution, the structures BI- and B2 - are indis-

tinguishable insofar as the mathematical treatment of the equilibrium

process is concerted, and the equilibrium expressions can then be-

defined in terms of a general anionic intermediate r

(A eq (Ar)(OR)

Using these equilibria expressions and the autoprotolysis relation-

ship, (ei)(t10) - K , the relationship between the apparent acid

dissociation constant, K , and the equilibrium constant for a-ctomplex

formation, Keq, can be shoan to beJ -.

K-fa w eq

* Thus, the acidity of the nitroaroamitics can be evaluated in terms of
* conventional acidity or as the hydroxyl ion coaplexatiou reaction.
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Sehal (1954) reported the pK values tabulated below for some

polyuitroarotatic compouds.

Nitroaromatic

TIN 14.4 (pKa, 18.0)
1 , " -END 16,18

2,4-DNT 17.1

2,6-DNT > 19

TNT 14.4 (pK3, 17.6)

4 W •e did not specify which TNB or TNT isomers -were studied, but presum-

ably they were 1,3,5-TNB and 2,4,6-THT. Schaal also noted that at

least one proton must be ortho to two uitro groups for a pK < 19.

"Schaal suggested that the acidity of the nitroaromatic was the result

of -OR addition to the aromatic ring as shown below for TNB. In'4
support of this mechanism, Bernasconi (1970) measured the equilibrium

constant Keq for the reaction of TNB with 0- as 3.73 X-1 at 25Y C;

* NO, N02

OR
K,~ or KQr + eqH

NOi00 NO2  0N

I when this is recalcui -ed according to the acidity formalism of Schaal,

the pK1 is 13.4. In fair agreement with that of Bernasconi, the THB

+ OP- (TNB45-0) equilibrium constant measured by Abe (1960) was

V 2.7 --1 at 250 C.

In accord with the mechanism of reversible OR- addition rather

than reversible 1:+ removal from TU3, Gold and Rochester (1960) and

I Ketelaar et al. (19i4) found no H-D exchange when 1,3,5-TAB was
I. ++placed in D20 at 0.5 N and 8 N NaMO, respectively. The difference

between use of water and ethanol as solvent for measuring the acidity

3f TNT is difficult to assess. Nevertheless, the data prosented by

* 48

Ii i l II I II I I



Caldin (1959) indicate that in an ethanol/ethoxide. system, proton

transfer from the methyl group is about two orders of magnitude

slower than the rate of ethoxide addition to the TNT aromatic ring

at 25" C.

Although this information indicates that nitroaromatics In

aqueous solution will not be ionized in the environmental pH region

of about 3 to 10, Letellier and Gaboriaud (1975) reported almost

complete ionization of TNT in micellar solution (using hexadecyltri-

methylammonium bromide, CTAB) with I0-! N NaOH. The relevance of

such a micellar effect on the environmental chemistry of nitro-

aromatics is not known.

Charge Transfer Complexes with Nitroaromatics

Zeichmann (1972) has discussed the interaction of humic substances

with various chemicals. He cites 1,3,5-TNB as an electron acceptor

that may form charge transfer complexes with humic substances serving

-- . as the electron donor. Chlorophyll, present in both terrestrial and

aquatic systems, also forms charge transfer complexes with 1,3,5-TNE
i .(Larry, 1967). No information has been found, however, that is useful

for assessing whether these complexes occur at the dilute concentra-

tions of nitroaromatics and of naturil substances that are expected

in aquatic systems or whether the formation of such complexes alters

the environmental chemistry of the nitroaromatic relative to its

chemistry in less eutrophic waters.

Regarding the charge transfer complex between nitroaromatics and

chlorophyll, the role of nitroaromatics in stabilizing the photofading

of chlorophyll has been attributed to the electron-acceptor properties

of the nitroaromatic system; this chemistry is described in the sec-

tion on 1,3-DNB. Vrbaski (1950) suggests that the stabilization is

due to a complex between the nitroaromatic and chlorophyll. The

stabilization mechanisms suggested by other researchers do not require

I,. complexation but only a net reversible electron transfer between

chlorophyll and the nitroaromatic. No information is available to

:4
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determine whether irreversible electron transfer from chlorophyll or

other natural substances may produce transformations of nitroarmatics

in aquatic environments. The irreversible formation of such a reactive

radical anion would probably produce some reaction of the nitroaromatic.

Charge transfer complexation of nitroarattics with natural substances

requires investigation. If the nitroaromatic complexes are formed in

the aquatic environment, their uv-visible absorption spectra would be

different and therefore the photochemical transformation rates would

be different than those for nitroarosatic in pure water. The

wr-complexed nitroaromatic may also alter the relative importance of

the various fate processes (i.e., oxidation, sorption, photolysis)

than for the nitroaromatic alone.

Sca-•omlexea of Nitroaromatics

"Sasaki (1973) has measured the kinetics and equilibrium coustants

for sulfite addition to 1,3,5-TNB at 25z C. $OC' + TNB (TNB-S0f)'

The forward reaction has a rate constant, k1c, of (3.70 ± 0.22) x 10'
t M-1 sec-, with an equilibrium constant, K, of (3.22 ± 0.45) x 109 X-1 .

These values may be compared with the data for OH" addition to 1,3,5-I. TKB reported by Bernasconi (1970): k1 a 37.5 ± 1.8 MW sec and
K - 3.73 ± 0.37 IC', The a-complexes for acetonitrile anion/2,4-DNT

and 1,3,5-TNB (Gitis et al., 1975) and for cyanide ion/l,3,5-TNB

(Can and Norris, 1974a,b) have also been described. Because 'he high

concentrations of strong nucleophiles required for these complexes

do not exist in natural aquatic environments, formation of a-complexes

most likely will not be an important influence on the environoental

fate of nitroaromatics.

Photoreduction of Nitroaromatics

Several studies on the photoreduction of nitroaromatics have been

reported. These reactions appear to proceed by a hydrogen atom trans-

fer from a donor molecule to the n-#* triplet state of the nitroaro-

I. -matic. Sandus and Slam (1972) have measured the disappearance quantum

yields for photolysis of several nitroaromatic compounds. These data

• .50
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are useful only for determining the relative reactivity of these coar-

pounds insofar as enviromsental photolysis evaluations are concerned

because the photolyses were carried out in heptane solvent and at
254 nm. Some of the disappearance quantum yields reported are tabu-

lated below.

Disappearance
Nitroaromatic gRd %Quantum Yield x 10C

Nitrobetzene 3

o-Nitrotoluene 4

m-Nitrotoluene 2

m-Dinitrobenzene (1,3-DNB) 1

. 2,4-Dinitrotoluene (2,4-DIT) 1

2,4,6-TNT (in cyclohexane) 1

Sandus and Slagg also found that oxygen did not affect the quantum
t ' yields. The products of the reactions were suggested to be nitroso-

aromatics, with a nitrophenol also suggested to be a photoproduct

of nitrobenzene.

Hurley and Testa (1966) reported the photolysis of nitrobenzene

at 366 am in isopropyl alcohol solvent. They claim that the photolysis

proceeds through the triplet state of nitrobenzene, which abstracts a

hydrogen atom from the solvent to ultimately form phenylhydroxylamine.

This product is then oxidized in the presence of air to give nitroso-

benzene. Reaction of nitrosobenzene and phenylhydroxylamine produces

azoxybenzene. The latter product was quantitatively formed when both

nitroso and hydroxylamine compounds were present at greater than
2 x 10-3 M, but in dilute solutions at 10-' M only nitrosobenzene,

and not azoxybenzene, was formed. The quantum yield for the disap-

pearance of nitrobenzene measured in this system was o' 1 x l-0. How-

ever, Stenberg et al. (1977) subsequently reported that the quantum

yields for photolysis of nitrobenzene and 1,3,5-TNB in isopropyl

alcohol decreased with increased irradiation time. They suggested

that formation of a nitroxide radical during photolysis quenched the

triplet state of nitrobenzEne, decreasing the quantum yield.

"I.51
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The photoreduction vechanism described does explain formation

of nitrosoaromtics and azoxy benzse compounds, but the environmental

relevance of such processes is difficult to evaluate. UWlike isopropyl

alcohol or even heptane, water is a very poor hydrogen atom donor in

radical abstraction reactions. Furthermore, although sow evidence

suggests that naturally occurring substances possess efficient radical-

trapping properties, the ability of these substances to serve as

hydrogen atom donors in reduction processes has not been determined.

Reduction of Nitroaromatics by Metal ton

The facile reduction of nitroaromatics to intermediate or fully

reduced forms by a variety of reducing agents, ranging from basic

glucose to strongly acidic stannous ion, prompts consideration of

possible environmental agents that might also effect their reduction

by electron transfer.

A mode of electron transfer in the environment is found in

sediments in the form of simple or coaplexed Fe'+. Electron transfer

from Fe2+ can effect cleavage of C-Cl bonds, probably via radical

intermediates.

Fe 2+ + R-Cl -. Fe'+ + R- + CI-

This process can also be envisioned as a loss mechanism for the easily

reduced nitroaromatics. Examples of this process for chloro compounds

are found in reduction of DDT in soil (Glass, 1972), reduction of

toxaphene in estuarine sediments (Williams and Bidleman, 1977), and

by Fe protoporphyrin (ihalifa, Holmstead and Castro, 1973).

Although the high electronegativity of nitroaromatics suggests

that this class of structures would be susceptible to electron trans-

fer from Fe2+ in some forms and thus would suffer partial reduction,

no published reports on such studies have been found. (In circumstan-

ces where nitroaromatics are rapidly lost by photolysis or by some

"other process, reduction by sediment-bound Pea+ probably would not

"competa, especially in view of the generally low sorption equilibrium
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constants exhibited by most nitroaromatics.) Noetbeless, a brief

e iation of this possible loss process seem varranted because

virtually nothing is knovn about the possible range of rate constants

and the fact that nitroaromatics in water may be exposed to large

amounts of p63, sediments.

Oxidation of Nitroaromatics

Nitroaromatics in aquatic systems may be oxidized by a direct

photoprocess involving reaction of some intermediate quinoid or

diradical form with oxygen, in which case the photochemistry (quantum

yield and spectrum) will control the rate of the process. Nonphoto-
chemical oxidation may also occur via reaction only with free radicals

such as RtO* or RO*; singlet oxygen probably is too selective to

exhibit any reactivity toward nitroaromatics. The literature records

only one or two citations to quantitative studies of oxidation of

nitroaromatics via the radical process

NOaArOR 1 + R020 * NO3ArCH2 + R0,H

The rate constant kox for nitrotoluene is about half that for toluene

at 30* C (kox - 0.012 N' a-') and indicates that additional nitro

groups will probably deactivate the ring further. Since toluene

reacts with R02- with a half-life in aquatic systems of 2 x 103 years,

and polynitroaromatics should be less reactive, we conclude that free

radical oxidation of nitroaromatics will not be an important environ-

mental fate process; hence, no studies are needed.
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Appendix

PREDICTION OF VOLATILIZATION RATES

Two-Film Theor y

The two-film mass transport theory is the simplest mathematical

description of the evaporation process from a liquid phase to a gas

phase. This theory was originally developed by Whitman (1923) and was

recently applied to the problem of the evaporation rate of chemicals from

water by Liss and Slater (1974), Mackay and Leinonen (1975), Smith et al.

(1977), and Smith and Bomberger (1978). The basic concept Is that there

are two boundary layer regions near the gas-liquid interfacial surface:

the liquid phase boundary layer and the gas phase boundary layer.

C The transport of a substance through a boundary layer is assumed to

be by molecular diffusion., because the fluid flow is laminar. The

diffusion process can be described by Fick's law in one dimension, where

the flux of the substance, N (moles cm -2sec -) is

N -D c (A-1)

where D is the diffusion coefficient, C is the concentration of the

chemical, and z is the vertical distance. If the concentration gradient

aC/!z is constant within the boundary layer, equation (A-i) can be

rewritten

N - kAC (A-2)

The mass transport coefficient k has the units of velocity (cm sec-)

and is

k - D/6 (A-3)

S. • where 6 is the boundary layer thickness. This equation is correct for

both the gas and liquid phase. In the development below, the subscripts

g and 5 refer to the gas and liquid phases, respectively.

/b... ~A-2
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The flux through the liqutd phase boundary layer. Nis Is

NY I k -C (A- 4)

where k. is the mass tnct of the chemical in the bulk iqui phaeud
phase, k is the concentration of the chemical in the bulk liquid phasel

and C2s is the concentration of the chemical in the liquid phase at the

gas-liquid interface (moles cm73)4

The flux through the gas phase boundary layer, N8, is

N " k (c - C) (A-5)

g Sg 88

where k is the gas .phase mass transport coefficient, C is the gas

phase concentration of C at the gas-liquid interface, and Cg is the

concentration of the chemical in the bulk gas phase.

For any substance, the flux through each boundary layer must be

equal to the overall flux from the bulk liquid to the bulk gas phase, N.

Henry's law relates C and C
589 s

Csg M H C (A-6)

: where H is the Henry's-law constant (unitless, as defined here). Then,
substituting equations (A-5) and (A-6) into (A-4), we obtain

[= k - 9 + cg()-]

Collecting terms in N and solving for N gives

S. ( + (A-S)

In the laboratory, C s- 0. The volatilization rate of the chemical, R,

is

R NiL k C (A-9)
V V t

az A-3
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SwberOe L is the depth of the bulk liquid phas (cm), and

V L (-ID)

Henry"'s law can also be written as

PC-l C (A-fl)

where PC is the vapor pressure of C above the solution, and C, is the

concentration of the chemical in solution (in moles liter1- H). The

Henry's law constant, H., is in units of tort N. From the ideal gas

equation,

PC RTC (A.-12)

where R is the gas constant and T is the temperature. Substituting

equation (A-12) in (A-l1) and comparing the result with the form of

Hery's law as expressed in equation (A-6),

El RTR(A-13)

Making the conversion to Hc and Ck in M, equations (A-8) and (A-I)

become

-kL !C-(A-l14)

and

k -- (A-15)

When the liquid phase is water and the gas phase is air, typical

values of k and k for molecules are 10-50 cm hr-1 and 1000-4000 cm hr-A

(Liss and Slater, 1974). The value of RT is 18,300 torr M71 at 20!C.

Therefore, if H ,- 10~ torr Nthe second term in equation (A-15) is

small and kv will be determined by the value of k 2 . This uieans that the

A-4
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rate of mass tranport (volatilization) is limited by diffusion through

the liquid phase boundary layer. We have caled cimpaunds that fit within
this class "high volatility ecopounds." Similarly, if KC < 10 torr i-i

the second term in equation (A-15) dominates and the rate of volatilization

is limited by mass transport in the gas phase. We have called these
"low volatility compoutds." If Ht is between 10 and I0 tort If-, both

terms are lmportant. We have called these "intermediate volatility

compounds."

Estimation of the Henry's Law Constant, H

CCIf a value of Uc can be estimated, then, as shown in the following

sections, the volatilization rate of a chemical can be estimated. When

the liquid phase is water, the value of tC for a liquid (at 26'C) can be
S,.:,:measured (Mackray et al. 1979) or estimated from the vapor pressure and

• -•-the solubility Lu water using

Hc " /C sat (A-161

where PC is the vapor pressure of pure liquid C, and Csat is the solubil-

"ity of pure C in water (M) at 20&C.

If the vapor pressure of the liquid is available only at some temp-

erature other than 200 C, the integrated form of the Caausius-Clapeyron

equation

P2  A1IH i \ ± .'.L
In j-1 .-j-I ( y -f LJa !!_ I-_ (A-17)

1 2 T1k 1. 937\T 2  293]

can be used to estimate the vapor pressure at T - 200C- P2 is the vapor

pressure at temperature T2 (K), P1 is the vapor pressue at 293 K, and

AR is the heat of vaporization (cal mole B ecause thvs extrapolation
may not be accurate over a wide temperature range. the vapor pressure

should be measured at 20oC, if possible. Methods for measuring vapor

pressure (Thomson and Dovslin, 1971) and solubility ('ader and Grady,

&1971) have been reviewed.

A-5



If the chemical is a solid at 20PC, the vapor pressure that should

be used in equation (A-17) is the vapor pressure of the supercooled
C

liquid (Prausnitz, 1969; Mackay et al., 1979), P SL wich ca be alc-

lated using

C
vs AR

VS

where PC is the vapor pressure of solid C at temperature T (293 K), tavs -1
is the heat of fusion of C (cal mole ), R is the gas constant (1.987 cal

K7I mole -), and Tý is the melting point (K). Then, H for a solid at4a c20°C is

He 1PC fx (£ 93 u/c (A-19)
vs 582.2 Tm fsat

Low Volatilit 2 ounds

For low volatility compounds, only the second term in equation

(A-15) is significant. Then

H k
k W -C(A-20)LRT

If the volatilization rate is gas phase mass transport resistance

limited, a useful equation would have a form that would allow the ratio

of the volatilization rate constant of the chemical to a second chemical

found in the environment to be measured in the laboratory. The obvious

choice of the second chemical is water. Thus, the water evaporation rate

would be measured in the laboratory and used to estimate the volatiliza-
C

tion rate constant in the environment,(kC) , using the envirolmental
v exwv

rate for water evaporation. This concept is complicated by the fact

* that the rate of water evaporation is, for dilute solutions, a zero-order

This equation contains several approximations, which are discussed by
Prausnitz (1969).

A-6
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process because the concentration of water does not change duzin$ evapo-

ration. Water evaporatiou rates are usually expressed in units of depth

(length) ime-', which is epuivalent to units of flux, volume area"1

The value of the gas phase mass transport coefficient for water,

is calculated from the water -evaporation rate or flus N For

dilute aqueous solution, the equilibrium partial pressure of water above

a solution, P, is expressed by kaoult's law (vhich, like Henry's law,
cannot be derived from first principles),

PW WW
S

where P is the vapor pressure of water at the surface temperature, and

is the mole fraction of water, which approximately equals I for very

di1u~e solutions. Then

'I P~(A-22)
g T a

Also, for water C( - C s; hence, mass transport of water is only gas

phase limited. Then

NW ukW (C -C) . ( r. 0 A-23)

Two•-film theory assumes that the mass transport coefficient is

k - D /6 (A-241

Then, the ratio of mass transport coefficients should be independent of

the gas phase turbulence. Therefore, we suggest that

as as(A-25)
*ký/k "D /D -constant (-5

A• *The superscripts C and W refer to the chemical and to water,
respectively.

•,nA-7
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Then,

w.- mconstant (A-26)

9 lb Dg

Solving equation (A-20) for kg substituting into (A-26), and solving
Cfor (kv-)eav gives

(• l C L f l 
(A-27)

)k& env k V W • ab

and

L () Llab T lab (k W(A28

gflab

These equations suggest that the ratio should be constant and independent

of turbulence in the gas phase (wind speed). Also the value of the ratio

(kC/kW) can be estimated by calculating or measuring the diffusion

coefficients or the ratio can be measured in the laboratory and be used

to estimate (k ) We are not aware of any experimental data that

support equation (A-28), but studies to verify the equation are currently

in progress at the SRI laboratory.

Diffusion coefficients can he estimated using methods reviewed by

Reid and Sherwood (1966). However, Lies and Slater (1974) have proposed

that

k Ic
(AN2)½ (A-29)

, g

where M is the molecular weight of compounds 1 and 2, This equation is

S~A-8it
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a crude approxlnaricn that has little scientific basisb& but la a4aq~ste

for preliminary estimates of kI k 2 .Them* solving (AL-20) for. k~ C aII
substitution -into te first term of eqution U-26)3 we obtain .

Ct
)v )ab envu' coy

H) ! i) *c) - (A-31)& -
t e" L RRk (A-A

env gent' Le ETea

Equation (A-31) can be used to estimate the volatilization rate constant

of a low volatility compouad. The value of {Ic) must be estimated
g any

from field data. The water evaporation rate has been carefully measured

Sfor several lakes. The results are shown in Table A-i.

TABLE A-1. WATER EVAPORATION RATES MOR LAKES
Average evaporation rate

Location ,6c-x lo, keference

Lake Hefner, Oklahoma 4.8 Marciano & Harbeck (1952)
Lake Mead, Arizona 6.8 abeck, et al. (1958)
Pretty Lake, Indiana 3.8 Ficke (1972)

Average 5.1

Assuming that the average relative humidity is 50%, the average

value of Ic for freshwater lakes is,

k'4T ( '4 (A-32)
9S

, j(5,1 x 10-6)(624N) (293)2Qj
* (l8) (l7.5)

" I
It •This approximation would be correct if diffusion through the Knudsen layer,

which is I to 2 mean free paths above the interface, determined the net
evaporation flux. However, it can be shovn that this diffusion is fast
compared with both liquid and gas phase mass transport.

" ' ,A-9
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~~-1

=0.59 cm sec 1

2100 cm hr 1-

The following procedure was used to estimate the lower limit of H
c

that would cause the environmental half-life for volatilization of a low

volatility compound to be less than three months. The half-life for

volatilization of the chemical, t,, can be calculated from

t½ = In 2/(kvC) (A-33)
v en'v

If the half-life is less than three months, (kS)env must be greater than

t9 1 i0-S sec . Substituting the following representative values into

equation (A-31) and solving for He, we obtain

(kt) > 9 x10- sec
v env

C
H4 .250

R = 62.4 tort liter mol- K-

L - 200 cm
envjT - 20PC 0 293 K

(ktt = 2100 cm hr- 1  0.59 cm see-
ev> (9 x 10-8 )(62.4)(293) (200o

(18)(250) (0.59)

> 2.1 tort H1

Thus, if H is greater than about 2 tort M-, the environmental volatili-c
zation rate of the chemical may be less than three months.

a -'

A-I1
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